Penile erection is a complex neurovascular event. The neuronal system involved is often divided into a spinal (generator) and supraspinal (controller) network. Little is known about the supraspinal control. The recent finding of changes in penile erection following deep brain stimulation of the thalamus in two patients has raised the question as to what extent the thalamus is involved in erectile function. The thalamus has generally been regarded as a group of relay nuclei that served as a 'gate' for sexual information from the spinal cord towards higher centres. Recent evidence, however, suggests a more integrated regulatory function. Our review of the literature from 1960 until 2003 revealed 13 reports describing original data (preclinical and clinical). Various thalamic regions, varying from the midline thalamus to the posterior thalamus, have been reported to be activated during erection. The majority of the reports, however, showed that mainly the mediodorsal (MD) nucleus and the centromedian-parafascicular nucleus (Cm-Pf complex) are involved in penile erection. MD is the second largest nuclear aggregation located within the medial part of the thalamus. Anatomically, the MD is closely related to the Cm-Pf complex. The Cm-Pf complex is one of the most important relay stations in which the anterolateral spinothalamic pathway is further processed. This pathway is thought to transmit peripheral sexual sensations. On the whole, the present data on the role of the thalamus in erection are far from complete and future experiments are required to delineate its involvement.
Introduction
Penile erection is a complex event controlled by vascular, hormonal and neuronal systems. 1, 2 The neuronal system involved in erection is often divided into a spinal and supraspinal network. It is generally accepted that the spinal system directly controls erection and that the supraspinal network modulates this control mechanism through different ascending and descending pathways. 3 The final step in erection, after these controlling centres, is the local relaxation of smooth muscle and the subsequent several fold increase of penile circulation resulting in an erect phallus. This step at least requires a functionally well-timed and well-tuned nervous system. Defects in this system can give rise to various forms of erectile dysfunction.
The spinal cord integrates information from somatic and autonomic afferents, and supplies the penis with regulatory efferents. In turn, the spinal cord receives afferent feedback from somatic and visceral fibres originating from the penis and perigenital area. 4 The main intraspinal centres involved in this process are the sacral parasympathetic nucleus (Spn), the thoracolumbar sympathetic nuclei (intermediolateral cell column and dorsal grey commissure) and the pudendal motoneurons. 4 Little is known about the supraspinal network. An excitatory pathway has recently been identified from the lumbosacral spinal cord to the oxytocin secreting parvocellular region of the paraventricular nucleus (Pvn) of the hypothalamus. 5 Oxytocin seems to be an important neurotransmitter as its intrathecal administration elicits penile erection. 5 Furthermore, reciprocal connections between the periaquaductal grey, hypothalamus, thalamus, amygdala, hippocampus and various cortical areas are likely to be involved in the brain control of erection. 6 The general idea is that there is no specific 'erection centre' in the brain and that erection is controlled by widespread interrelated pathways. 2 In the past years, most research was mainly focused on the peripheral control of penile erection rather than the central control. This has increased the knowledge of the peripheral physiology and resulted in the introduction of phosphodiesterase 5 inhibitors as an effective treatment for several forms of impotence. 7 Even though some groups had focused their research on central pathways in the past decades,
8-10 the brain as a potential therapeutic target has generally been ignored. 11 The introduction of apomorphine, a proerectile drug acting at supraspinal levels, in the clinical treatment of erectile dysfunction [12] [13] [14] and the recent case report of changes in penile erection following deep brain stimulation (DBS) of the thalamus has raised the question as to what extent direct central modulation of erection is possible. 12, 13, 15 Two patients suffering from intractable Tourette Syndrome (TS) underwent DBS of the thalamus. Postoperatively, patients experienced changes in erectile function, which could easily be reversed by turning off the stimulator. The thalamus has generally been regarded as a group of relay nuclei that serve as a 'gate' for sexual information from the spinal cord towards higher centres. Recent evidence, however, suggests a more integrated regulatory function. 15 In this literature review, the role of thalamic nuclei in erection is discussed.
Search strategy
All articles that contained information on the role of the thalamus in erection were reviewed. The reports were found by a Medline search (Pubmed) using the following key words: thalamus and thalamic in combinations with sexual, sexual arousal, sexual function, ejaculation, erection, intercourse and copulation. Only papers published in English were reviewed. Some of the reviewed reports in this article were not found by this search. These were found by analysis of the bibliography of all included papers. Articles containing original information on the thalamus and erection were reviewed thoroughly, whereas reports only mentioning sexual arousal, ejaculation or both, and not erection, are briefly summarized. In total, 13 reports were found describing original data. All data about patients and/or experiments were collected.
Results
The role of the thalamus in erection -1980. One of the first reports on the cerebral representation of penile erection was by MacLean and Ploog in 1962. 16 They remarked that 'although the brain has been extensively explored by electrical stimulation, surprisingly little has been learned about the localization of structures involved in penile erection'. Such information could provide more insight into the neuronal mechanisms involved in sexual behaviour. In their experiments, observations were made on 29 Saimiri sciureus (squirrel monkey). Electrical stimulation was performed under stereotactic conditions in various parts of the brain. The number of trajectories and stimulation sites were not reported. Erection was graded on a six-point scale, independency and blinding unmentioned. MacLean and Ploog remarked that positive responses were elicited when the electrode entered the thalamic tubercle and was lowered towards the rostral pole of the thalamus. The thalamus was, according to the authors, proerectile like many other forebrain regions.
After 1 y, the same authors published another article dealing with the cerebral representation of penile erection. 17 This time special attention was paid to the caudal thalamus, midbrain and pons. Under conditions similar to previous experiments, 30 S. sciureus were operated on. Stimulation from the medial dorsal (MD) nucleus to the posterior part of the thalamus was found to elicit erection. In contrast to other brain regions, higher frequencies were required: 60-100 Hz instead of 20-30. The authors concluded that in the midline part of the MD nucleus of the thalamus, a continuity of positive loci could be found from its rostral to its caudal limits. Again, no mention was made of blinding and independency of erection rating. In addition, the exact anatomical location of the stimulation sites remained unclear as the post-mortem sections only demonstrated trajectories. Along one trajectory multiple targets had been stimulated.
In 1968, Robinson and Mishkin 18 described their findings on intracerebral stimulation and penile erection in Macaca mulatta. They remarked that electrically evoked penile erection had already been studied intensively by MacLean and co-workers in the squirrel monkey, but that these findings were not confirmed by studies in other primates. Using a stereotactic frame made of acrylic cement, 5880 loci were explored by stimulation through a monopolar electrode in three locally anesthetized three M. mulatta. In total, 205 electrode trajectories had been made. Animals were tested by two investigators for erection that was graded as small (penis not fully extended) or as large (rigidly extended), without mentioning blinding and independency. The latency for erection following stimulation varied from 1 to 8 s. Erection occurred at 162 stimulation sites. These areas were summarized as the anterior cingulate region, anterior internal capsule, putamen, lateral and medial preoptic regions, lateral and medial hypothalamus, tegmentum, midline thalamus, amygdala and stria terminalis. In contrast to
Thalamus and penile erection Y Temel et al previous experience, no erection was evoked by stimulation of the mammillary body. 16 In addition, hippocampus, fornix, septum and most of the thalamus were also unresponsive. The authors concluded that the proerectile regions were mainly located within the limbic system and also involved the midline thalamus. No additional information, however, was provided on which nuclei within the midline thalamus were involved. The anatomical localization of the stimulation sites lacked certainty for two reasons. First, no intraoperative recordings had been performed that could give some indication about the anatomical localization. Second, postmortem sections only demonstrated a trajectory, making it impossible to define where the actual stimulation sites had been.
Several years later, Sapolsky and Eichenbaum 19 reported on the thalamocortical mechanisms in odour-guided behaviour. Before and after ablation of brain structures, adult male hamsters were subjected to odorants varying from after-shave to sexual stimuli (odour of adult male or adult overectomized, induced estrus, female hamsters). Lesions in the MD nucleus of the thalamus and in the prefrontal cortex inhibited odour-guided erection and intercourse. The authors concluded that the projection from the olfactory cortex to the MD nucleus and from there upwards to the frontal neocortex was involved in the sexual processes. Unfortunately, in this report no sections of the lesions were provided that could have given an indication about the anatomical localization and the extent of the lesions.
1981-. Park et al 11 described the activity of brain regions involved in penile erection using blood oxygenation level-dependent (BOLD) functional magnetic resonance imaging (fMRI). Twelve sexually potent male volunteers and two hypogonadal impotent patients participated in their study. Two sets of stimuli were used: erotic films (sexual arousal condition) and documentary film (neutral condition). There were two alternating periods of rest and stimulation. Brain maps were generated during the various periods of stimulation. Penile erection and sexual arousal were assessed using a five-point scale. Blinding and independency were not mentioned. Significant increases in penile erection and in 'perceived sexual arousal' were observed during visual erotic stimulation. In normal patients, BOLD-fMR images demonstrated significant activation in the inferior frontal lobe, cingulate gyrus, insula, corpus callosum, thalamus, caudate nucleus, globus pallidus and inferior temporal lobe as a result of erotic stimulation. The thalamus showed bilateral activation in 10 of the 12 subjects. In hypogonadal patients, activation was observed only in the inferior temporal lobe and thalamus. After testosterone supplementation, however, there was an increase in activated regions in their two patients and the pattern of activation became comparable to that of normal patients. The authors remarked that functional brain imaging bridged the gap between neurobiological systems and behavioural sciences. Furthermore, they stated in their study that sexual activation areas could be divided into limbic and paralimbic areas. The thalamus was a part of the limbic activation. Its involvement in erection was not discussed further, unfortunately. It still remains unclear whether thalamic activation is due to sexual arousal, erection or both. Recently, two papers demonstrated significant thalamic activation as a result of increased sexual arousal measured by the same technique. 20, 21 In these studies, however, it is not described whether sexual arousal was accompanied by erection or not. The situation becomes even more complex when the report by Arnow et al 22 is considered. They also mapped brain activation using BOLD-fMRI following visual erotic stimulation. In their study, no specific changes were noticed at the level of the thalamus in response to erotic clips. Arnow et al concluded that future studies were required in order to study such discrepancies.
In a recent case report, the involvement of the thalamus in penile erection was reinforced. In two patients suffering from intractable TS, DBS of the thalamus was performed. 23, 24 Electrodes were implanted bilaterally in the thalamus at the level of the nucleus ventro-oralis internus (Voi), centromedian nucleus (Cm: as a part of the intralaminar thalamic nuclei) and substantia periventricularis (Spv: as a part of the midline thalamic nuclei). Evaluation revealed a 90 and 83% reduction of tics at 5 y follow-up in patient 1 and at 8 months in patient 2, respectively. The patients, however, experienced changes in penile erection in response to sexual stimuli after the surgery. Penile erection was measured in stimulation on and off conditions using an electromechanical strain gauge. Patients were shown selected clips from erotic films. Highfrequency stimulation (HFS) of the thalamus was found to have a profound impact on the genital response to visual erotic stimulation and sexual fantasy. Patient 1 experienced almost no penile erection in the stimulation off condition, whereas patient 2 had a manifest erection. In the stimulation on condition, the speed of erection and amplitude of penile circumference was remarkably increased in patient 1. In patient 2, turning the stimulation on practically inhibited erection. On the whole, subjective sexual arousal was found to follow the differential pattern of genital arousal during on and off conditions in both participants. The authors explained these different penile reactions to visual erotic stimuli by differences in the stimulation settings. In patient 1, the location of the left electrode is 2 mm lateral and the right electrode 2 mm medial in relation to the position of the Thalamus and penile erection Y Temel et al electrodes in patient 2. According to the authors, HFS of the thalamus was probably affecting the neural network involved in sexual processing, which also comprised the amygdala and the orbitofrontal cortex. Different electrode positions could therefore give rise to these opposing effects, as a result of a possible differential organization of 'inhibitory' and 'excitatory' projections in this area. The difference in electrode localization had also been confirmed by postoperative MRI, which clearly demonstrated that the electrodes were placed in the medial part of the thalamus and showed approximately a 2-mm-asymmetric placement in the mediolateral plane. The conclusion drawn from this case report was that the midline and intralaminar thalamic nuclei could play an important role in penile erection.
Role of the thalamus in sexual arousal, copulation and ejaculation
Pfaus et al 25 reported their findings on cerebral c-fos (messenger RNA) gene expression following sexual stimulation. C-fos is an immediate-early gene that is held to reflect neuronal activation. 26 C-fos mapping was performed following copulatory behaviour, manual stimulation of the flank and perineum and vaginocervical stimulation in female rats. Its expression was found to be distributed differently within forebrain regions depending on the type of sexual stimulation. Copulation and vaginocervical stimulation especially, induced expression throughout the reuniens, centromedial and centrolateral nuclei of the thalamus. Heeb et al 27 conducted a similar study. They visualized c-Fos (protein) in the brain of Mongolian male gerbils that had been exposed to various types of sex-related stimuli or that displayed various aspects of sexual behaviour. C-Fos expression was found in the preoptic nucleus, medial amygdala and the parvicellular part of the subparafascicular nucleus (SPF) of the thalamus following ejaculation. These results were also later confirmed by Veening and Coolen 28 and Coolen et al. 29 In the same year, Ohkura et al 30 reported on central c-fos expression in female sheep following a 5-min exposure to a male and intromissions. Exposure to males significantly increased c-fos levels in cortical areas, hippocampus, amygdala, hypothalamus, nucleus accumbens and MD thalamus. In the next years, another three preclinical studies were published on the expression of earlyimmediate genes in thalamic nuclei following sexual stimulation. [31] [32] [33] The main findings were in accordance with previously reported literature. The SPF showed significant expression in relation to sexual stimuli. These results supported the hypothesis that the medial SPF is probably one of the main relay stations in which the spinothalamic pathway is further processed towards higher centres.
Discussion

Thalamic involvement in erection
Several clinical and preclinical studies, listed in Table 1 15 through DBS of the medial part of the thalamus in TS patients. One important general criticism is that none of the authors was able to identify precisely the nuclei they assume to be involved. The provided post-mortem sections, in the above-mentioned preclinical studies, could not demonstrate the presumed target or were not given at all. 19 Temel et al 15 mentioned postoperative MRI studies, which showed that the tip of the electrodes were located in the medial part of the thalamus, but it cannot be ruled out that neighbouring structures were also involved.
It has been shown that thalamic activation can also be observed during other components of sexual behaviour such as sexual arousal, copulation or ejaculation (Table 2 ). An adequate sexual arousal is usually required for a physiological erection and erection generally precedes ejaculation. In the majority of the reviewed reports, it still remains unclear whether thalamic activation is due to a specific phase of sexual behaviour such as erection, suggesting a well-defined single function, or if it is involved in multiple stages, indicative of a more integrated function.
Organization of the human thalamus
The thalamus, virtually localized at the centre of the brain, is located under the lateral ventricles and sandwiches the third ventricle. 34 . It consists of two parts interconnected by the massa intermedia, which is relatively poorly developed in humans. The thalamus processes most of the information, both sensory and motor, reaching the cerebral cortex from the rest of the central nervous system. 35 
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Classically, the thalamus has been divided into nuclei according to the cyto-or myleoarchitecture and the names generally refer to their anatomical localization. The major nuclear groups are the anterior, medial, midline, intralaminar, lateral, posterior, dorsal and ventral ones (Figure 1 ). 34 As described earlier, various thalamic regions are thought to have a possible involvement in erection. The nucleus Voi is a member of the ventro-oralis nuclei (Vo) group and is in close relationship with the mamillothalamic tract and the Cm nucleus. The Vo is more or less equivalent to the ventral lateral (VL) nuclei in primates and rats. Cm, part of the intralaminar nuclei, occupies a large area in the caudal thalamus. It borders ventromedially on the parafascicular (Pf) nucleus, forming a complex often referred as the Cm-Pf complex. Cm has been regarded as one the most important relay stations in which the anterolateral spinothalamic pathway is further processed. 34 Peripheral sexual sensations are most probably transmitted through this ascending pathway originating in the spinal cord. 36 The posterior pole of the thalamus is occupied by the pulvinar, the largest nucleus in the thalamus, which is mainly related to the visual system. The second largest nuclear aggregation is the MD complex located within the medial part of the thalamus. 37 The MD is often divided into a medial (or pars magnocellularis) and a lateral nucleus (pars parvocellularis). Its medial nucleus largely projects to the rostral and orbital parts of the prefrontal cortex, whereas the lateral nucleus mainly projects to the superior and lateral parts. One of its main inputs comes from the amygdaloid complex. Anatomically, the MD is closely related to the Cm-Pf complex and the Spv.
Synopsis and future perspectives
Considering the reviewed reports and the neuroanatomical organization, the thalamus participates in highly complex integrative activity and does not simply function as a set of relay nuclei. The Cm-Pf complex and the MD nucleus are likely to be the most important thalamic nuclei involved in penile erection ( Figure 1 ). Functionally, these nuclei receive their main input from the ascending anterolateral system, cortical areas (depending on the type of sexual stimuli) and limbic structures. After modulating this afferent information, the projection is probably directed towards the cortical areas and limbic structures and from there backwards to the spinal generator system (Figure 2 ). On the whole, the present data on the role of the thalamus in erection and in other aspects of sexual behaviour are far from complete. Future experiments are required to delineate its involvement and additional data are needed with respect to the organization of the sexual pathway within the thalamic nuclei. Based on the results of HFS in patients, an important question to be addressed is whether parallel organizations of excitatory and inhibitory projections exist. Furthermore, advanced neuroimaging studies in combination with tracing and receptor-binding studies should be executed in order to map the primary areas involved in the different stages of sexual behaviour. (Figure 1 ) and is further directed towards other cortical and subcortical areas. Finally, the thalamus receives back efferent information, which is passed towards the spinal centre.
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